The chloroplasts from resistant plants were first characterized by a considerably decreased suscepti bility to atrazine inhibition, contrasting with an al most unchanged susceptibility to diuron. This sug gested that the binding sites of these two compounds were distinct, albeit overlapping [1, 5] in order to explain the competitive displacement of diuron by atrazine [6]. In the overlapping model, only the atrazine-specific binding domain would be altered by the resistance-confering mutation.
The properties of herbicide-resistant mutants modified at the PS II site of inhibition have been thoroughly investigated, first in different weed species [1] , then in algae [2] and cyanobacteria [3] . The "resistance" mutations could be ascribed to an amino-acid substitution [4] within the D 1 polypep tide, which binds a plastoquinone molecule to form the secondary acceptor Q b of PS II.
The chloroplasts from resistant plants were first characterized by a considerably decreased suscepti bility to atrazine inhibition, contrasting with an al most unchanged susceptibility to diuron. This sug gested that the binding sites of these two compounds were distinct, albeit overlapping [1, 5] in order to explain the competitive displacement of diuron by atrazine [6] . In the overlapping model, only the atrazine-specific binding domain would be altered by the resistance-confering mutation.
How ever, when other PS II inhibitors are taken into account, a clear-cut distinction between diuronlike and atrazine-like compounds, according to their behavior towards atrazine resistance, has to be miti gated. Classes of inhibitors such as triazinones or uracils [1] are interm ediate between diuron and at razine, as judged by the ratios (R/S) of their halfinhibitory concentrations in resistant versus suscepti ble chloroplasts. Among inhibitors structurally re-R e p rin t re q u e sts to D r. S. C reuzet.
V erlag d e r Z e itsc h rift für N a turforschung, D-7400 T übingen 0341 -0382/89/0500-0435 $ 0 1 .3 0 /0 lated to diuron, some urea and amide derivatives ex hibit R/S values higher than 10 [7, 8] . Much higher R/S values were even rep o rted , in Am aranthus retroflexus, for several urea inhibitors [9] . Furtherm ore, these variations of the R/S ratios of am ide/urea derivatives could be related to two structural features which antag onize, to some extent, the effect of atrazine resistance: -In the phenyldimethylurea series, the R/S was inversely related to the hydrophobicity of the Nphenyl substituent [7] , which is absent in triazines and uracils. This was further evidenced by the syn thesis [10] of N-phenylated triazines, displaying both a strong inhibitory power and R/S values (x 15) much lower than those of triazines.
-Comparisons of phenylureas and triazines with equivalent partition coefficients showed that the dimethylamino electron-repelling substituent of ureas [11] is antagonistic towards the effects of atrazine resistance as com pared with the alkyl substituent of amides [7] . This suggests a role for a nucleophilic carbonyl in a resistance-independent interaction with an electrophilic group (proton donor?) of the Q B pocket.
These properties raise the question of a possible influence of the "resistance" m utation on a molecu lar interaction which could be common to urea/amide and triazine inhibitors [11, 12] .
In C hlam ydom onas reinhardii, a Ser 264 -> Ala mutation [2] on D 1 induces a strong resistance to both diuron and atrazine, in sharp contrast with the weak effect of the Ser 264 -> Gly m utation on diuron activity [4] . This further outlines how close are the binding domains of ureas and triazines.
The N H -CX is common to most inhibitors [11, 12] , with the exception of phenolics, but the presence of an unsubstituted hydrogen is not a strict prerequi site for inhibitory activity [13, 14] , Hence, the minimum pattern proposed by Trebst [15] consists of a sp2-hybridized carbon of a C = X nucleophilic group (X = 0 , N, S) linked to a positively charged nitrogen and to a bulky hydrophobic substituent. The possible role of the N H -CX moiety in hydrogen bonding has been hypothesized from structure-activity relation ships [16] and molecular orbital calculations [17] . It has recently been confirmed in bacterial reaction centers, where the triazine terbutryne is hydrogen bonded: one arom atic nitrogen to a peptide NH and one NH to the oxygen of a serine [18] . However, in spite of sequence analogies between L and M bacte rial subunits and the D 1/D 2 polypeptides of PS II [19, 20] , diuron is completely inactive on bacterial photosynthesis and triazines are 10-100-fold less active than in PS II.
The difficulty of classifying PS II inhibitors as diuron-like or atrazine-like compounds according to their loss of activity on triazine-resistant chloroplasts leads to consider the inhibitory structures as a whole, beyond the usual Q SA R categories, from the point of view of their tridimensional structures and elec tronic properties.
In this work, we have applied different methods to calculate the molecular properties of am ide/ureas, uracils and triazines. M ethylthiopyrimidines, a new class of powerful PS II inhibitors [21] , were also in cluded, since they allow comparisons with triazine structures. These results were com pared with physico-chemical m easurem ents and in vivo data.
Material and Methods

Hill reaction activity
The oxygen evolution by uncoupled thylakoids, with ferricyanide as an electron acceptor, was meas ured with a Clark electrode, as previously described m .
Molecular mechanics and quantum calculations
The procedure generally applied was to determ ine initial sets of coordinates by a molecular mechanics method (CHARM M [22] or SYBYL-TRIPOS [23] ) and, using the resulting conformations, to calculate the electronic properties of molecules (partial charges, dipole, ionization potential, electronic affin ity) by a semi-empirical quantum method (M NDO [24] , A M I [25] ). Rotational barriers were also deter mined by these quantum methods.
Infra-red studies of phenol-inhibitor complexes IR spectra were perform ed in absorbance mode on a Beckman D K 2A spectrom eter in 10 mm quartz cells, as previously described [26, 27] . The solvent was spectroscopic grade carbon tetrachloride. In the 0 -4 mM concentration range, the absorbance of the free longitudinal OH vibration of /7-octylphenol and /7-chlorophenol was proportional to the phenol con centration, although weak autoassociation bands (< 5% ) could be noticed.
Results
A ctivity o f amide!ureas on triazine-resistant chloroplasts
In Table I the half-inhibitory concentrations (/50) in resistant and susceptible chloroplasts from Chenopodium album are given for homologous phenylureas and phenylamides. A decrease of the num ber of chlorine substituents on the phenyl ring led to an increase of the R/S values in both phenyl ureas and phenylamides. This resistance-antagoniz ing effect of chlorination can be related to an in crease of hydrophobicity (n) rather than to an elec tron attraction (Ham m ett a) since a 4-isopropyl electron-repelling substituent in isoproturon (a = 0.15) led also to a R/S ratio lower than that of fenuron (o = 0).
Amide inhibitors showed higher R/S than the homologous N-phenyl dimethylureas, although the partition coefficient of propanil was higher than that of diuron [7] . 4-Chloropropanilide, which combines a decreased phenyl hydrophobicity with an absence of a dimethylamino substituent on the carbonyl, pro vides an example of a compound structurally close to diuron, hence likely to bind to the same site, but 10-fold more affected by triazine resistance.
Molecular conformations
In Rhodopseudom onas viridis [18] , double hydro gen bonds are formed by one -N H -C = N -of ter- butryne with, respectively, Ser L223 (proton accep tor) and a peptide NH of Ile L224 (proton donor). In order to exam ine w hether such double bonds would be possible in PS II between the N H -C = N / N H -C = 0 m oieties and common components of the site, the distances between hydrogens of NH and arom atic nitrogens of the triazine ring or carbonylic oxygens of ureas, amides and uraciles were deter mined.
The three-dim ensional conformation of diuron was com puted by two methods of molecular mechanics, using the CH A RM M or SYBYL force fields. In both cases, energy values according to the dihedral angle N H -CO showed that the planar trans conform ation was the most stable one, at different angles of the amide/phenyl planes, while the possibil ity of a m -am id e form was strongly unfavored. An energy minimum estim ated at 4 kcal/mol above the planar trans conform ation corresponded to a nonplanar cis form , with the planes of the phenyl ring and the dim ethylam ino tilted in opposite directions. In the planar trans form of N H -CO , the phenyl ring was found in the same plane by CH A RM M , but tilt ed with a 30° angle by SYBYL. This second config uration is in agreem ent with cristal structure of diuron and was confirmed by the semi-empirical quantum m ethod AM 1, in a good improvement over M N D O which failed to predict the dimethylamino conform ation (Table II) .
Similar results were obtained for other urea or anilide derivatives, which implies that only the trans N H -CO is involved in the interaction with the target, eventually through a double hydrogen bond. Swep, a phenylcarbam ate inhibitor, was an excep tion since a non planar (30°) cis form was possible at 
1.5 kcal/mol higher energy than the trans form, with an energy barrier of only 2.5 kcal/mol. This would allow a flip-flop between the cis and trans forms, which may explain the unusually low activi ty of this compound com pared to propanil [7, 11] , in spite of a greater partition coefficient.
In uracils (lenacil), the C O -NH moiety is forced into the cis planar form by the cyclic structure, with a O /H distance of 2.4 Ä , the same as in the virtual cisdiuron (Fig. 1 ). This conflicts with the above sugges tion that the trans-amide form interacts with the target (O /H = 3.1 Ä ). M oreover, the carbonyl group distant from the NH is liable to form an hydrogen bond, although the O/H distance is much higher (O /H = 4.95 Ä).
In triazines, the NH-alkyl chains can rotate be tween two energy minima with an energy difference of only 0.3 kcal/mole (Fig. 2) , corresponding to the alkyl chain in the plane of the triazine ring. A rota tional energy barrier of 12 kcal/mol, computed by AM 1, indicates that four stable slowly interchanging conform ers exist in a triazine molecule, as a combi nation of the cis/trans positions ( Fig. 1) alkyl chains. Calculations under fixed or flexible geom etry led to similar values of rotational energy barrier, which can be entirely ascribed to the elec tronic conjugation between the lateral nitrogens and the arom atic triazine ring. Fig. 1 shows that three distances between the NH hydrogens and aromatic nitrogens are possible, namely 2.55 Ä (equivalent to cw-diuron or uracil N H -C O ), 3.25 Ä (equivalent to rrans-diuron) and 4.65 Ä (0.3 Ä shorter than the NH/para-carbonyl distance of uracils). The methylthiopyrimidines [21] provide further in formations. These compounds are structurally re lated to s-triazines, but one of the ring nitrogens is absent and its position corresponds to a methylthio substituent. Furtherm ore, an unsubstituted N H 2 is an absolute requisite for inhibitory activity. Fig. 1 shows that the H/N distances also fall in the three clusters at 2.5 Ä, 3.2 Ä and 4.7 Ä previously found for urea/amides, uracils and triazines.
Electronic parameters
The electronic param eters (partial atomic charges, dipoles, ionization potentials) of the inhibitors here studied were obtained by applying the semi-empiri cal methods MNDO and AM 1 on the geometric con form ation generated by the SYBYL force field.
The charges obtained by M NDO are listed in Table 3 . The triazine ring nitrogens ( -0.42 to 0.47) hold the most negative net charges. An equivalent negative charge (-0 .4 4 2 ) was found for the py rimidine ring nitrogen close to the m ethylthio sub stituent but the ring nitrogen close to chlorine was less charged (-0.397) than the equivalent chlorineadjacent nitrogen of atrazine ( -0.430). The negative charge on the carbonyl oxygen of phenylureas was slightly modified by the inductive influence of the phenyl substituent, from diuron ( -0.418) to isoproturon ( -0.421). However, the replacem ent of the dimethylamino substituent of urea by an ethyl or a methoxy led to a large decrease of the oxygen net charge in propanil ( -0.359) and swep ( -0.352). The rotation of methoxy or methylthio groups in swep and ametryne respectively, influenced the adja cent nucleophilic charge, the highest charge corre sponding to a methyl in a cis position in the same plane.
The charge distribution obtained by A M I, in its latest release param etrized for halogens [29] , is slightly different from that obtained by M N D O . Par ticularly, charges on the ring nitrogens of triazines are proportionally lower by AM 1 than by M N D O , as com pared to carbonyl charges (Fig. 3) .
Positive charges on nitrogen and hydrogen of NH were slightly higher in triazines than in ureas/amides, suggesting a greater acidity of the proton, hence a higher hydrogen bonding capacity with a proton ac ceptor [26, 27] . These results can be compared with the hydrogen bonding capacity of the C = X moiety of PS II in hibitors, as measured by their interactions with poctylphenol and /?-chlorophenol in carbon tetrachlo ride. The IR longitudinal OH absorbance of the uncomplexed phenol (3610 cm -1 for p-chlorophenol) was reduced in the presence of urea/amides or triazines, with an association constant [30] given in Table IV . The absorbance of the NH (3470 cm-1 for urea, 3445 cm -1 for triazines) was unchanged in the presence of phenols. This decrease in intensity of the free O H vibration corresponded to the appearence of a well-defined broad band at lower frequencies for am ides/ureas only. The frequency shifts between the free and bound phenolic OH are listed in Table IV . The shift was larger for /7-chlorophenol than for poctylphenol, as expected for an hydrogen bond with a m ore acidic proton. A strong frequency shift occur red with cycluron, dem onstrating that the aromatic ring of phenylureas was not involved in the interac tion. H ow ever, a comparison between neburon (a
H ydrogen bonding with phenolic protons
CCl4-soluble analog of diuron) and isoproturon, showed an im portant inductive effect of the phenyl ring, much larger than could be expected from the weak variations of the net charge on the oxygen car bonyl from M NDO calculations (Table III) . In swep, however, the low negative charge on the carbonyl (Table III) resulted in a low hydrogen bonding capacity (Table IV) . The hydrogen bonding phenolamide complexes have been thoroughly studied, and a AH can be com puted [31] from the frequency shift.
With triazines, only a featureless increase of ab sorbance at lower frequencies could be observed, resulting either from the different proton-bonding properties of the three ring nitrogens or from the peculiar properties of the = N ...H O -hydrogen bonds [32, 33] . The association constants K (Ta ble IV) calculated from the free O H vibration are comparable to those obtained for ureas. This con stant was greater for ametryne than for atrazine, in agreem ent with the charge differences on ring nitro gens 2 and 6 for these two compounds and with the relative protonation pKs of methylthiotriazines and chlorotriazines respectively [34], An overall positive correlation (Fig. 3) could be found between the net charges of the C = X groups com puted by SYB YL/M NDO (Table III) or SYB YL/ A M I methods and the association constant of their hydrogen bonding complex with /?-chlorophenol (Table IV) .
A lthough hydrogen bonding is mainly an electro static phenom enon [35] , it cannot be entirely related to the net charge of a nucleophilic atom . Neighbour ing charged atoms can influence the electric field, as suggested by point-charge potential maps [17] . M oreover, the molecular polarisability is likely to play a role since hydrogen bonding induces charge movements [36, 37] , This might explain why isoproturon-phenol complexes are stronger than those formed by diuron (Table IV) , whereas the net car bonyl charges are almost equivalent (Table III) .
The values of dipole moments (Table III) obtained here are similar to those proposed by Shipman [38] .
The lowest ionization potentials (Table III) were those of phenylureas and were highly dependent on the phenyl ring substituents. This indicates an elec tron donating capacity in charge transfer complexes. Tetracyanoethylene, a compound with a high elec tronic affinity and no visible absorption, has been extensely used as an electron acceptor in charge transfer complex studies [38] . In the presence of phenylureas only, a visible absorption band develops [27] , the frequency of which is proportional to the ionization potential of the electronic donor -here the phenylurea. The maximum frequency of this ab sorption band is linearly related to the ionization po tential found by A M I and M NDO (data not shown). This provides a control of the validity of results ob tained by both methods, without any evidence for a role in vivo.
Discussion
The results in Table IV dem onstrate the capacity of the C = X moiety of both am ide/ureas and triazines to form hydrogen bonds, attaining 5 kcal/mol, with strong proton donors such as phenols. However, one single hydrogen bond cannot explain the in vivo in teraction energy, since a A H = -11 kcal/mol has been found for m etribuzine [40] . A lthough cycluron and diuron are isohydrophobic [7] and cycluronphenols complexes are 15-fold stronger than those formed by diuron, this latter com pound is 20-fold more active in vivo. In the assumption of a C = X ... site hydrogen bond interaction, this suggests a sec ond interaction involving either the acidic NH or a N-aromatic of diuron, which is absent in cycluron. However, weakly active compounds such as stigmatelline or myxothiazol contain no N H , but still possess a C = 0 without an adjacent nitrogen, point ing it as the minimum structure for PS II inhibition [42] . This is also illustrated by several cyanoacrylates [14] . The presence of one or two adjacent electrondonating, positively charged [15] , nitrogens would reinforce the nucleophilic character of this C = 0 group [11], without being directly involved in the interaction.
The role of a second hydrogen bond formed by the acidic NH of terbutryn has been recently dem on strated in the reaction centers of R hodopseudom onas viridis [18] . This agrees with the hypothesis of a com mon interaction of different groups of inhibitors [12] , with some exceptions [13, 14, 42 ], through their -N H -C X -moiety. However, a comparison of the X ...H distances leads to this being questioned. In uracils, H ...H distances are 2.4 Ä and 4.95 Ä (Fig. 1) . In diuron, the stable trans form corresponds to 3.1 Ä , while the cis form at 2.4 Ä is energetically unfavored, although its occurrence cannot be ex cluded in vivo. In uracils, the carbonyl in position 4 (X ...H distance of 4.9 Ä , similar to the 4.65 Ä dis tance found in triazines) is likely to play a role in vivo, since its suppression results in inactive cyclic ureas [41] , This would imply that more than two hy drogen bonding groups (proton donor or acceptors) within the Q B pocket play a role in the binding of inhibitors.
Semi-empirical calculations and IR studies of phenol-inhibitors interactions confirm the previous Q SA R predictions [11, 12] on the influences of sub stituents on the net charge of the carbonyl, in ureas and amides; that is essentially the charge-enhancing effect of the carbonyl-linked dimethylamino group and, to a lesser extent, the influence (estim ated by H am m ett o) of electron-withdrawing or donating substituents on the N-phenyl ring. Equivalent charges and proton-accepting capacities are found in the heterocyclic nitrogens of triazines or pyrimidines, compared to N H -CO derivatives. This supports a C = 0 /C = N homology, although the characteristics of = O ...H X and = N ...H X hydrogen bonds are different [33] .
M ethylthiopyrimidines can provide further infor mation since they contain only two ring nitrogens, one of which is more charged ( -0.44 instead of -0.39) and thus a better candidate to form an hydro gen bond. The asymmetrical character of these mole cule would allow the determ ination of which one of the two lateral NH corresponds to the phenyl or ben zyl substitutable NH of triazines [10] . It has been previously shown [21] that the NH-alkyl in position 5 on the pyrimidine ring undergoes harsh steric con straints and that its hydrophobicity does not antag onize triazine resistance, in contrast with hydrophobic N-phenyl of urea/am ides [7] or N-benzyl triazines [10] . The N H 2 in position 3 cannot be sub stituted, due to the steric hindrance of the rotating methylthio group in position 2, where it takes the place of one of the ring nitrogens of triazines. This N H 2 would tentatively correspond to the NH phenyl or benzyl substitutable position oi triazines.
Hydrogen bonding has been dem onstrated in the bacterial site, but alternate mechanisms might play a role in PS II centers. For example, a dipole-charge interaction could account for part of the in vivo bind ing energy [38] , although it is difficult to explain the great diversity of behavior towards triazine resist ance of compounds binding to the same site by a single strong interaction.
Conclusion
Owing to the conjugated bond character of most PS II inhibitors, the geometrical and electronic prop erties of these compounds had to be calculated by a quantum m ethod (AM 1), from an initial set of co ordinates obtained by a molecular mechanics method (C H A R M M or SYBYL). AM 1 brings a significant improvement over M N D O in the prediction of molecular conformations of PS II inhibitors. O ther studies [43] showed that this m ethod also provides a good representation of hydrogen bonding. M easured or calculated molecular properties of inhibitors allow to go beyond the limitations of classical Q SAR studies and to com pare compounds from different series. In the absence of cristal structure of PS II centers, models have to be proposed from the known structures of bacterial reaction centers [19, 20] . In this respect, improved predictions of conformations and interaction properties of various PS II inhibitors, taking into account different conformers and the flexibility around the calculated minima, would help in building these models.
Comparison of resistant/susceptible chloroplast in hibition is an useful approach since it allows varia tions of binding strength to be obtained independent ly of the w ater/m em brane partition. Studies of a large set of molecular structures have already dem on strated the closeness of their binding domains, point ing out some structural features (resistance-antago nizing effects of an hydrophobic N-phenyl or of a nucleophilic carbonyl) which could explain the great diversity of responses of these compounds to an herbicide-resistance m utation.
